The genetic structure of natural populations of Alaskan barley yellow dwarf virus (BYDV)-PAV, BYDV-PAS, and cereal yellow dwarf virus (CYDV)-RPV from barley (Hordeum vulgare L.) and oats (Avena sativa L.) in Alaska were analyzed between 2002 and 2004. PCR products spanning the viral coat protein gene of 187 isolates were cloned and sequenced. The majority (78%) were similar to BYDV-PAS, 19% were similar to CYDV-RPV, and only about 3% resembled BYDV-PAV. The CYDV-RPV isolates clustered in three groups: 44, 17, and 39% resembled RPS-like CP from Mexico, resembled RPV-like CP from New York, or formed a unique clade that was RPV=RPS recombinant CP, respectively. The patterns of genetic variation of PAS and RPV varied little over time or with respect to host plant. The difference in spatial and temporal population genetic structures of the PAS and RPV isolates suggests that these two viruses are influenced by different agroecological factors. Sequence of PCR products spanning the carboxyl terminus of the polymerase gene, the intergenic region, and most of the coat protein gene of RPV revealed two probable ancestral recombination events for some isolates.
Introduction
Plant viruses with RNA genomes have high potential for variation in spatial and temporal genetic composition through mutation, recombination, and drift [6, 7] . However, most genetic diversity studies on plant viruses have concluded that plant virus populations tend to be genetically stable [6] and that resistance genes in corresponding host plants remain durable [8] .
We were interested in examining the population structure of Barley yellow dwarf virus-PAV (BYDV-PAV) and Cereal yellow dwarf virus-RPV (CYDV-RPV) strains in barley (Hordeum vulgare L.) and oats (Avena sativa L.), the two main cereal crops in Alaska. Members of these two virus species and at least six other species cause BYD disease, the most destructive viral disease of the small grains throughout the world [11] . The viral nature of BYD disease was first identified in 1951 [20] from diseased barley plants growing in California. Biological properties of BYD were described by W. F. Rochow in numerous publications during the 1960-1980s, defining distinct strains or serotypes and establishing intimate aphid vector=virus relationships [4] . Taxonomically, the viruses responsible for BYD disease belong to the family Luteoviridae: genus Luteovirus, BYDV-PAV, BYDV-MAV, BYDV-PAS; genus Polerovirus, cereal yellow dwarf virus-RPV, CYDV-RPS; and three species not yet assigned to a genus, BYDV-SGV, BYDV-RMV, and BYDV-GPV [5, 13, 15] . The species name, in part, is determined from its most efficient aphid vector: MAV ¼ Sitobion (Macrosiphum) avenae, RPV ¼ Rhopalosiphum padi, RMV ¼ Rhopalosiphum maidis, SGV ¼ Schizaphis graminum, and PAV ¼ R. padi and S. avenae. B= CYD viruses consist of $5.3-5.8 kb in a ssRNA genome that is divided into six ORFs; the genera are distinguished by gene size and arrangement [5] . The 5 0 -half consists of two major overlapping genes involved in replication (ORF 1-2) and is not conserved between genera; CYDV has an extra ORF (0) at the 5 0 end. In contrast, the 3 0 -half is the most conserved portion of the genome, containing the ''Luteoviridae block'', which consists of ORF 4, situated within the major coat protein gene (ORF 3) that is fused to ORF 5; BYDV has an extra ORF (6) at the 3 0 terminus [17] . Despite the plethora of BYD research completed during the last 50 years, very little is known on the genetic structure of the B= CYDVs in natural populations.
Although BYD most likely had occurred in the small grains in Alaska since their agricultural introduction over the last century, reported diseases of grasses and cereals are largely out of date and confined to parasitic fungi [26] . The first confirmation of B=CYDV in Alaska barley and oats occurred in 2001 [22] . Crops grown in Alaska are geographically isolated from other agricultural regions by distance, water, and mountain ranges. Fields of barley and oats are relatively small and scattered, vary in planting dates from May through August, and are used for ground cover or harvested for animal feed. We were interested in obtaining genetic information on Alaskan B=CYDV isolates to help determine their relationships within and between fields, variations in consecutive years, and their likeness to other isolates throughout the world. In this paper, we report the genetic analysis of 187 B=CYDV Alaskan isolates from oat and barley spanning three consecutive years (2002) (2003) (2004) .
Materials and methods

Virus isolates
Between May and October in 2002-2004, barley and oat plants were surveyed for BYD in Palmer (P), Alaska in fields that were within 24 km of each other. Due to the unpredictable occurrence of a barley or oat crop on a particular site in consecutive years, sites P1, P2, and P5 were surveyed once C if processed within several days, or À80 C for long-term storage. Green leaves from several nonsymptomatic plants per site were similarly processed. Tissue from the same leaves were used in enzymelinked immunosorbent (ELISA) and reverse transcription polymerase chain reaction (RT-PCR) assays.
Serology
Agdia PathoScreen kits utilizing DAS-ELISA with alkaline phosphatase enzyme conjugate were used as directed for PAV, MAV, and SGV; RPV was similarly tested with a compound direct ELISA assay from Agdia Inc. (Elkhart, IN). Briefly, leaf samples (0.20 g) were ground in 1.0 ml distilled water with mortar and pestle and 10 ml of the extract was mixed with 90 ml extraction buffer, applied to provided microlitre plates, and tested together with a positive control, according to manufacturer directions. All assays were analyzed on a VERSAmax microplate reader (Molecular Devices, Sunnydale, CA, USA) at 405 nm, with positive readings defined as being at least three times that of the buffer control.
Reverse transcriptase-polymerase chain reaction, cloning, and nucleotide sequencing Total nucleic acid extractions from leaves and subsequent RT-PCR assays that target the coat protein (CP) gene [23] Corp., Indianapolis, IN) in a 100-ml reaction. Samples were placed in a GenAmp + PCR System 9700 (PE Applied Biosystems, Foster City, CA) and incubated in the temperature= time regime as previously described [23] . PCR products were visualized and extracted on ethidium-bromide-stained agarose gels, and purified using a QIAquick Gel Extraction Kit (QIAGEN Inc., Valencia, CA). The amplified DNA was cloned into pGem-T easy (Promega), and introduced by transformation into Escherichia coli XL-2 Blue (Stratagene, La Jolla, CA), and the plasmids were sent to Davis Sequencing Inc. (Davis, CA) for automated DNA sequencing of the coat protein. The nucleic acid preparations from which RPV isolates were detected were used for RT-PCR again by incorporating primers Pol 1 (forward) and Lu 4 in a protocol described by Geske et al. [9] that targeted the carboxyl terminus of the polymerase gene (ORF 2), the intergenic region, and the CP gene; the subsequent cloning and sequencing of the predicted $1400 product were processed as described previously for the CP gene.
Genetic analysis
Definitive identification of each isolate detected by RT-PCR, was determined using 502 nt of the CP gene sequence (excluding the 3 0 -and 5 0 -termini that matched the primers). Preliminary identification for relatedness among the isolates was based on sequence alignments in Sequencher 4.5 (Genes Codes Corp., Ann Arbor, MI), and representative sequenced isolates were compared with other isolates in the sequence databases in NCBI (National Center for Biotechnology Information) using Basic Local Alignment Search Tool (BLASTn) nucleotide-nucleotide searches.
Sequences were aligned and neighbor-joining (NJ) trees for PAS=PAV and RPV were generated with ClustalX [28] . Maximum parsimony analyses, implemented in PAUP [27] , produced trees identical to the NJ trees (not shown). Each of the 187 isolates was identified as: virus species (PAS, PAV or RPV), sample number (plant) within specific site, nearest city (P Palmer, F Fairbanks), plant species (b barley, o oat), and year (2002, -03, or -04) of collection (Figs. 1 and 2). Mean sequence diversity among isolates from each collection site was determined using the DnaSP computer program [24] . Genetic differentiation of populations among sites was assessed using the methods of Lynch and Crease [12] and Hudson [10] , as implemented in DnaSP version 4. Analysis of molecular variation (AMOVA) was done using Arlequin [25] . The significance of each genetic differentiation statistic was estimated by 1000 permutations of the data. The program PhylPro [31] was used to identify possible phylogenetic conflicts in the sequence data sets. A difference of sums of squares (DSS) method that utilizes approximate distance-based phylogenetic methods [16] as implemented in TOPALi [18] was used to identify likely recombination breakpoints. The sliding window size was set at 250 and the step size was set at 10. Sliding window analysis of pairwise nucleotide distances was also done using DnaSP.
Results
ELISA and RT-PCR
A total of 300 oat and barley plants were collected and assayed for B=CYDV by ELISA and PCR using primers Lu 1 and Lu 4. ELISA assays for MAV and SGV were negative for all three years. 
Barley yellow dwarf virus
PCR products resulting from amplification by primers Lu 1 and Lu 4 were cloned and sequenced. Of 187 total clones, 151 PAV-like sequences were obtained (DQ683252, DQ907011-DQ907160). Although the BYDV isolates from the Palmer sites were serologically related to PAV, their CP sequences aligned most significantly with PAS isolates in GenBank (Blastn). For example, the CP nts for PAS28P2b03 (accession no. DQ907106) were 98% identical to PAS-129 (accession no. AF218798, 2936-3466 nts). This was confirmed by phylogenetic analysis in that all 146 isolates from the Palmer sites (P1-P5) clustered with PAS-129 (Fig. 1) . The remaining five isolates from the Fairbanks site (F6) were associated with PAV isolates from New York (NY PAV), Japan (JPN PAV), and Latvia (Saldus 2), (Fig. 1) . The Alaska PAV and PAS isolates exhibited less than 1% per site average pairwise nucleotide differences, or diversities (Table 1) . Average pairwise CP amino acid differences were just over 1%, while amino acid variation in ORF 4 was only half of that for CP ( Table 1) . The genetic diversity of the isolates from Palmer sites was about the same within and between fields (Table 2a ). The PAS isolates from Palmer sites did not have any host (barley vs. oats) preference as only 0.2% of the total variation was due to host effects as determined by AMOVA. Among-year differences accounted for only 1.6% of the total. Genetic differentiation among populations was measured by two test statistics: Nst, and Snn. Nst values range from 0.0 for no differentiation to 1.0 for complete differentiation [12] . Snn is also 1.0 for complete differentiation, whereas the value for no differentiation depends on the number of populations and sample sizes [10] . For example, assuming equal sample sizes, the minimum Snn value is 0.5 for two populations, 0.25 for four populations, etc. Nst and Snn for the Palmer PAS populations were 0.0750 and 0.2735, respectively, thus indicating low dif- (DQ988100), RPV05P4o02 (DQ988088). These four additional RPV isolates were incorporated and analyzed with the original 32 RPV isolates (Fig. 2, Table 2b ).
An additional 23 isolates from 2002 to 2004 RPV nucleic extracts were similarly processed to obtain the longer RPV sequences for analysis (accession numbers: DQ988082-DQ988087, DQ988089-DQ988097, DQ988101-DQ988108). Phylogenetic analysis of CP nt sequences revealed that the Alaska RPV isolates formed three distinct clades: 16 were associated with RPS-Mex 1, six resembled a New York RPV, and 14 formed a unique clade (Fig. 2) . The four RPV isolates that were doubly infected with PAS were clustered with NY RPV-like CP (RPV11P1bo3) or with the unique (RPV05P4b02, RPV10P1b03, RPV12P1b03) clade, RPV=RPS recombinant CP (Fig. 2) . Within-clade sequence identities of the AK RPVs ranged from 98.5 to 99.5%, which is similar to the Alaska PAS and PAV sequence identities (Table 1) . However, unlike PAV and PAS, there was no difference in the level of amino acid identities between RPV CP and ORF4.
While phylogenetic analysis of the RPV CP sequences revealed three distinct clusters, there were only two sequence types based on polymerase gene and intergenic (Pol-IG) region corresponding to nts 2972-3744 of NY-RPV (accession no. L25299). One group shared 98-99% sequence identity with RPV (isolate names underlined in Fig. 2) , and the other group shared 97-98% sequence identity with RPS (¼RPV Mex1). The unique Alaska RPV cluster identified by CP sequence analysis contains isolates with both RPV and RPS Pol-IGs. Discordance between the phylogenies of Pol-IG versus CP suggests recombination has occurred between the two genomic regions. Analysis by PhylPro confirmed the presence of phlylogenetic conflict in two regions (not shown). Sliding window analysis identified likely recombination breakpoints in the sequences alignment between nts 750 and 850, corresponding to nts 3720-3820 (Fig. 3a) . In addition, this analysis revealed a second region of phylogenetic discordance in the alignment between nts 1200 and 1260 (nts 4170-4230 of NY-RPV), near the 3 0 -end of the CP gene (Fig. 3a) . Pairwise sequence analysis revealed that recombination likely occurred between RPV and RPS near the end of the CP gene and that progeny of this recombinant underwent further recombination with RPS (Fig. 3b, c) .
The RPV isolates on the Palmer site had more genetic variation within fields and between fields than the PAS isolates (Table 2a , b.) Nst and Snn for the RPV populations were 0.0773 and 0.4000, respectively. Values were substantially higher between Palmer and Fairbanks sites (Nst ¼ 0.5581; Snn ¼ 0.8838), indicating genetic differentiation of RPV between the two locations. Genetic diversity of the longer RPV sequences (which, in addition to the CP gene, contained the intergenic region and 3 0 -end of the polymerase gene) within sampled sites ranged from 0.0166 to 0.0790. Estimates of genetic differentiation of RPV isolates from Palmer sites (Nst ¼ 0.1047; Snn ¼ 0.6134) were similar to those using only coat protein sequence data. As with PAS and PAV, none of the total variation observed among Alaska RPV isolates was due to between-host difference using AMOVA. Ten percent of the total RPV variation was due to differences among the three years of this study. 
Discussion
One of the most striking results from this population study is the exclusive occurrence of isolates most similar to PAS and not PAV in South Central Alaska. The PAS serotype was first detected in New York in 1994 as a PAV variant, PAV-129 [3] , and later classified as a distinct species, BYDV-PAS, in the genus Luteovirus [5, 15] . BYDV-PAS is noticeably different from many other PAV isolates in that it causes more stunting=discolouration on oat plants, breaks BYDV resistance in ''Ogal'' oats, and although it reacts to PAV polyclonal antibodies, it is not reactive to PAV monoclonal antibody 1C2 [3] . Based on the unique RFLP profile associated with PAV-129 isolates from field surveys in New York, Chay et al. [3] speculated that the PAV-129 isolate was probably widespread in New York and most likely occurred in other distant geographical regions. In fact, Mastari et al. [14] confirmed the presence of PAV-129-like isolates in France and Morocco between 1994 and 1997. Based on surveys confined to a small region in France and RFLP=SSCP from PCR fragments of the CP gene, over half of their 110 isolates were similar to PAV-129, (i.e. PAV FL2, Fig. 1 ), whereas the remaining PAV isolates were more similarly grouped together with the other known PAV isolates (i.e. PAV FHv1, Fig. 1 ). Another study analyzed the CP sequences of 12 Morocco PAV isolates and divided them into two clusters, aligning seven isolates (i.e. PAV MA9508, Fig. 1 ) with PAV-129, and five isolates with PAVs from Japan, USA, and Australia [1] . Only PAV-like isolates were found in Illinois [19] .
In northern Europe, where climatic conditions are similar to the long photoperiods and relatively cooler temperatures of Alaska's growing season, Bisnieks et al. [2] reported six PAV isolates from Sweden (PAV Sweden, PAV Storvreta) and Latvia (PAV Saldus 1, -2, PAV Priekuli 1, -2) that were similar to each other (except a distinct variant, PAV Saldus 1). The five Alaska PAV isolates from Fairbanks formed a separate cluster that associated with these Swedish=Latvia isolates, and not the PAS isolates from Palmer (Fig. 1) . Thus, PAS-like isolates are now known to occur in Alaska, New York, France, and Morocco. Most likely, BYDV-PAS will be found in other geographical regions as well. The lack of PAV-like isolates in South Central Alaska is not understood, especially since PAS-like isolates have always been detected with PAV isolates (same site but different plants) in France, New York, and Morocco [1, 3, 14] . Although the PAS-like isolates did not have a host preference relative to barley and oats in Alaska, Masteri et al. [14] detected a definite PAS preference for barley over ryegrass in France, and Chay et al. [3] only found the PAS in maize and winter wheat in New York. Native perennial grasses in Alaska are possibly better overwintering hosts for PAS, providing a virus reservoir for aphid transmission to barley and oat crops during the growing season. Preferential PAS transmission by aphid vectors in South Central Alaska may also account for PAS as the dominant viral species.
Cereal yellow dwarf virus-RPV is similar to PAV in its ubiquitous presence in agricultural regions that cultivate grass and cereal species. Overall, fewer AK (Alaska) RPVs (36) were detected relative to PAS=PAVs (151), and only four plants proved to be infected by both. Phylogenetic analysis revealed three clear clades of RPV CP sequences, one of which is distinct and consists of recombinants of RPV=RPS CP sequences. Complete genomic sequences are available for NY-RPV [29] and RPS-Mex 1 [17] , and there are partial sequences of RPV from Iran [21] and Australia [30] . RPS-Mex 1 is now designated RPS instead of RPV, because ORFs 0-2 have only 41-81% sequence identity with their NY-RPV counterparts [17] . Interestingly, over fifty percent of the AK RPVs were related to RPS, and some appear to be similar to the NY-RPV, while others are recombinants between RPV and RPS. Even though the distribution of RPS is currently limited to North America (Mexico, California, and Alaska), it is probable that they co-exist in other regions with known populations of C=BYDVs. More sequence data from RPV isolates from other geographical regions in the world are needed to fully access the uniqueness of the 14 AK RPS-RPV recombinant isolates (Fig. 2) . Nevertheless, the recombinant isolates probably represent a stable component of the CYDV population structure in South Central Alaska since they From the CP gene sequence data it is apparent that the population compositions of PAS and RPV were essentially constant over the three-year sampling period. This suggests that the overwintering sources for BYDV and CYDV are stable over time. While only one site was sampled in Fairbanks, a tentative conclusion is that Palmer and Fairbanks have different BYD source populations. This is not surprising, since the two geographical locations have different climatic= environmental parameters and are separated by approximately 500 km and mountain ranges. Knowledge of differences in alternative and overwintering plant hosts and aphid vectors in Alaska would help us understand the epidemiology of BYD disease in Alaska. Indeed, special attention to C=BYDV surveys of grass species near cereal crops and rangeland grasses and in contrasting regions that are unaffected by agriculture may provide valuable information on the overall population structure for B=CYDV. This study also provides the first report of likely RPS isolates in Alaska, and the probable recombination in the CP gene and between the CP and polymerase-intergenic regions among AK RPV and RPS isolates. We present a temporal study on the genetic structure for plant viruses causing BYD disease from the genera Luteovirus and Polerovirus and show that the population structures of both BYDV-PAS and CYDV-RPV exhibit year-to-year genetic stability, similar to most other plant virus populations [6, 7] .
